A B S T R A C T Plasma and platelet factor XIII levels were measured in normal human donors and in a patient congenitally deficient in factor XIII. The purpose of these experiments was to study the role of platelet factor XIII in blood coagulation. On polyacrylamide disc electrophoresis, factor XIII activity in extracts of washed normal platelets appeared as a single peak. This peak was missing or very low when factor XIIIdeficient platelet extract was used. The patient was also studied before and after transfusion of fresh frozen plasma. Before transfusion, factor XIII activity could not be detected in the patient's plasma or platelet extracts. 24 hr after transfusion the plasma factor XIII level was still at the anticipated value, but factor XIII activity could not be detected in the platelet extracts. These experiments imply that plasma factor XIII was not transported across the platelet membrane in measurable quantities in vivo. This suggests that platelet factor XIII is a true platelet component and originates in the platelet precursor, the megakaryocyte. Thrombelastographic studies suggest that platelet factor XIII participates in the coagulation process. Thrombelastograms of factor XIII-deficient samples had decreased maximum amplitude and clot elasticity values. The abnormalities were fully corrected by the addition of washed normal platelets to factor XIII-deficient plasma; preincubation of the normal platelets in the deficient plasma had no additional effect. This indicates that platelet factor XIII is immediately available during clot formation. Congenital deficiency of factor XIII is characterized by several features which are peculiar to this defect and others which are common to most coagulopathies. The first and most common symptom is bleeding from the umbilicus, usually during the second week of life (10). Other characteristics observed include frequent hematomas and ecchymoses occurring 24-36 hr after mild trauma, delayed bleeding after cuts and tooth extractions, easy and frequent bruising, and poor wound healing. In a few cases, spontaneous hemarthroses (11) and decidual bleeding with spontaneous abortion of pregnancy (12, 13) have been observed. Laboratory tests which are known to be abnormal in factor XIII deficiency are clot solubility and the thrombelastogram.
INTRODUCTION
Factor XIII (fibrin stabilizing factor, FSF) is the precursor of an enzyme involved in the formation of the normal blood clot and is present both in plasma (1) and in blood platelets (2) (3) (4) . It is converted to the active enzyme, FSF*, by thrombin in the presence of calcium ions (5, 6) . Thrombin converts fibrinogen to fibrin monomer by a process of limited proteolysis in which small fibrinopeptides are released from fibrinogen. Fibrin monomers promptly form polymers which aggregate to yield a gel. This gel is called soluble fibrin because it is readily dispersed in a number of solvents such as 1% monochloroacetic acid and 5 M urea. In the presence of calcium, FSF* catalyzes the formation of covalent bonds between the e-amino group of lysines and y-carboxyl group of glutamic acids, so that the fibrin molecules are cross-linked in a transpeptidation reaction (7) (8) (9) . The cross-linked fibrin is insoluble in monochloroacetic acid and urea. When this reaction is completed, a mechanically strong clot results.
Congenital deficiency of factor XIII is characterized by several features which are peculiar to this defect and others which are common to most coagulopathies. The first and most common symptom is bleeding from the umbilicus, usually during the second week of life (10) . Other characteristics observed include frequent hematomas and ecchymoses occurring 24-36 hr after mild trauma, delayed bleeding after cuts and tooth extractions, easy and frequent bruising, and poor wound healing. In a few cases, spontaneous hemarthroses (11) and decidual bleeding with spontaneous abortion of pregnancy (12, 13) have been observed. Laboratory tests which are known to be abnormal in factor XIII deficiency are clot solubility and the thrombelastogram.
The purpose of this paper is to report some recent observations involving a patient (G. P.) who was first reported to be congenitally deficient in factor XIII by Barry and Delage (14) . Our studies indicate that platelet factor XIII is an original constituent of platelets and is not derived from plasma. Furthermore, platelet factor XIII participates in the coagulation process and is necessary for the formation of the normal thrombus.
containing 0.15 ml of acid-citrate-dextrose (ACD) formula A, per ml of blood. Platelet-poor plasma was obtained by double centrifugation at 3500 rpm at 4VC for 30 min. This plasma was aspirated with a needle and syringe. Plateletrich plasma was prepared by centrifuging blood at 1000 rpm for 10 min at 4VC. Platelet-rich plasma was aspirated with a silicone-coated pipette. In this process, good platelet yield was sacrificed in order to effect quantitative removal of red cells.
Washed platelets. Washed platelets were prepared from freshly drawn blood according to a modification of the procedure of Brinkhous et al. (15) . Platelet-rich plasma was adjusted to pH 6.5 with 1.0 M citric acid and centrifuged at 4VC to sediment the platelets. Platelets were resuspended in 3-5 ml citrated saline (normal saline containing 1/20 volume trisodium citrate), and the suspension was diluted to 25 ml with citrated saline. The washing process was repeated 8-10 times. No factor XIII activity could be detected in the wash fluid after the fifth or sixth washing. The final suspension of platelets from 500 ml of platelet-rich plasma was in 3-5 ml citrated saline. With this procedure, the final platelet suspension was of high purity, but the yield was poor. Degree of homogeniety and platelet concentration were determined by phase-contrast microscopy.
Platelet extract. Platelet extracts were prepared by disrupting final platelet suspensions in a Sorvall Omni-mixer with microattachment, which was operated at half maximum speed. After disruption, platelet debris was sedimented by centrifugation, and the supernatant extract was drawn off.
Fibrinogen. Human fibrinogen, prepared by p-alanine precipitation (16) , contained 95% clottable protein. Fibrinogen, which was used as a substrate in the factor XIII assay, was treated with p-chloromercuribenzoic acid sodium salt (pCMB) to inactivate trace amounts of factor XIII (17) . Unreacted pCMB was removed by filtration on Sephadex G-25 (Pharmacia Fine Chemicals).
Factor XIII assay. This assay is based on the differential solubility of cross-linked and noncross-linked fibrin in 1% monochloroacetic acid. For the assay, each test tube contained the following reagents: 1.0 ml of 50 mg %, pCMBtreated fibrinogen; 0.2 ml test material in serial dilutions; 0.1 ml of 0.175 M CaCl2; 0.1 ml thrombin (Topical, Parke, Davis & Co.), 100 NIH U/ml. Diluents for the test material were citrated saline or citrated saline containing 0.3% bovine serum albumin (Armour). The reaction mixture was incubated at 370C for 30 min. Then 1.4 ml of a 2% solution of monochloroacetic acid was added to each tube, and the clots were observed for dissolution. The factor XIII level of the test material was defined as the reciprocal of the highest dilution used in the test system which caused a visible clot to remain 10 min after the addition of monochloroacetic acid. For controls 0. (19) . Samples of whole blood, platelet-rich plasma, and platelet-poor plasma were examined. Blood was drawn from normal donors and from the factor XIII-deficient patient into silicone-treated syringes with a two syringe technique. Whole blood, 0.36 ml, was put in a stainless steel cuvette, placed in the machine, and the piston was lowered. Platelet-rich and platelet-poor plasmas were prepared from whole blood which had been mixed with one-ninth part of 0.109 M trisodium citrate.
Plasma with platelets was obtained after careful differential centrifugation to remove red and white cells. These samples, 0.25 ml, were recalcified by addition of 0.10 ml of 0.100 M CaCl2 with careful mixing by raising and lowering piston. The thrombelastogram was begun 30 sec after the addition of calcium. The film speed of the thrombelastograph was 2 mm/min. The standard notation is used to describe the thrombelastograms: t = time (min), a = amplitude (mm), and ma = maximum amplitude (mm).
(1) r, the reaction time, indicates the beginning of fibrin formation: r (min) = (distance (mm) from t = 0 to a = 1)/2 + filling time.
(2) k, the coagulation time, is a measurement of the time required for a clot of a definite solidity to develop: k (min) = (distance from a = 1 to a = 20)/2. (3) E, the maximum elasticity, represents the elastic properties of the fibrin clot: e= (100 X ma)/(100-ma).
In certain experiments normal platelets were suspended in factor XIII-deficient platelet-poor plasma *and the resulting mixture was examined in the thrombelastograph. Normal platelets, washed until no factor XIII activity could be detected in the wash fluid, were concentrated. 0.1 ml of the platelet concentrate was suspended in 1.0 ml of the factor XIII-deficient plasma to Electrophoretic Migration (mm) FIGURE 1 Electrophoretic migration of normal and factor XIII-deficient platelet extracts in 7% polyacrylamide gel at pH 9.5. Arabic numbers designate the major peaks.
Since 1966 G. P. has been studied on four occasions in the Clinical Research Unit of North Carolina Memorial Hospital. At the time of his visits, which were always 2-3 months after his last transfusion, plasma factor XIII levels were zero.
RESULTS
Polyacrylamide electrophoresis of platelet extracts. Four samples of factor XIII-deficient platelet extract and seven samples of normal platelet extracts were subjected to analytical disc electrophoresis in 7% polyacrylamide gel. Typical results of the electrophoretic migration patterns for both types of samples are shown in Fig. 1 . In both samples the extracts were prepared from 3 ml of washed platelets at a concentration of 1 X 10./ mm8. 100 jul of each platelet extract, equivalent to the contents of 1 X 108 platelets, was applied to each gel. The normal sample contained approximately 45 ug of total protein and the factor XIII-deficient sample 38 jug. Some differences in intensity of staining were observed. Factor XIII assays of eluates from sections of the gels containing normal extracts showed that all of the activity was confined to peak S. The relative activity of peak 5 was 32; for all other fractions it was zero. This is a major peak in electrophoresis of normal platelet extract and is absent or greatly diminished in extracts prepared from the factor XIII-deficient patient. In parallel runs, the migration of human fibrinogen was the same as for peak 1 of the platelet extracts. Thrombelwstography of normal and factor XIII-deficient blood. The thrombelastograms shown in Fig. 2 were obtained with whole blood, platelet-rich plasma, and platelet-poor plasma from a normal donor and from the factor XIII-deficient patient. Data obtained from the thrombelastograms and the platelet concentrations of the various samples are given in Table I . Other thrombelastographic experiments were performed to determine the effect of normal platelets on the thrombelastogram of factor XIII-deficient plasma. Typical tracings for these experiments are shown in Fig. 3 . These include (1) the normal control, (2) normal platelets and deficient plasma preincubated for one hour, and (3) normal platelets and deficient plasma with no preincubation. The maximum amplitude and elasticity values which were obtained from the tracings are given in Table II .
Measurement of plasma and platelet factor XIII activity. On his last visit to this research unit, G.P. underwent surgery for the extraction of 13 teeth. Before surgery he received 750 ml of fresh frozen plasma. The hematocrit, fibrinogen concentration, and platelet count of the patient were normal before transfusion. Plasma and platelet factor XIII levels of the deficient patient before and after the plasma infusion are shown in Table III. The range for normal values is also given. At 24 hr post transfusion, the plasma factor XIII activity of the patient was 16; while platelet extract, prepared from washed platelets at a concentration of 7.5 X 10/mm', had no factor XIII activity.
The patient was not bleeding before transfusion but was transfused prophylactically before surgery. During surgery he lost 300-400 ml of blood. A slight amount of blood oozing from the gums was observed for 2 days after the operation. The plasma factor XIII level of the patient was measured at 1, 6, 12, and 24 hr after trans- fusion and thereafter at 24 hr intervals for 6 days. Within the limits of the assay, it was found to remain constant over the 6 day period. This indicates an in vivo half-life greater than 6 days, which is within the range previously reported (12, 20) . The patient's mother was also tested for factor XIII activity. The plasma factor XIII level was found to be 128; and the platelet factor XIII level, from washed platelets at 14 X 106/mm', was 800.
DISCUSSION
On polyacrylamide disc electrophoresis of normal platelet extract, factor XIII activity is found in a major peak (Fig. 1, peak 5 ). This peak is missing when factor XIII-deficient platelet extract is electrophoresed. Depending upon the specific activity of platelet factor XIII, which is unknown, 10% or more of peak 5 could be platelet factor XIII. It is also interesting that the electrophoretic mobilities of plasma fibrinogen and platelet factor XIII in polyacrylamide were found to be considerably different. Both fibrinogen and peak 1 were found in the stacking gel and were thus excluded from the separating gel layer. Since polyacrylamide electrophoresis separates molecules on the basis of molecular size and charge (21) , platelet factor XIII is a smaller molecule than fibrinogen or it has a greater charge, or both. Our earlier studies using Sephadex G-200, which indicated that platelet factor XIII is a smaller molecule than fibrinogen or plasma factor XIII, are in agreement with this (22, 23) .
The thrombelastograms of this factor XIII-deficient patient agree with those reported for other patients congenitally deficient in factor XIII (24, 25 (26, 27) .
In considering a coagulation factor which is present both in plasma and in platelets, the question arises as to the source of the platelet factor. It may be that the factor is adsorbed from plasma onto the surface of the platelet membrane or transported across the membrane in some manner. The other possibility is that the factor is a true platelet component and originates in megakaryocytes. It is Loewy's opinion that plasma factor XIII is derived from platelets (28) . On the other hand, Duckert has reported that platelets free of factor XIII take up activity from normal plasma in vitro, but he did not quantitate the amount (29) .
The results reported here indicate that factor XIII was not transferred into the platelet from plasma in a measurable amount in vivo. The factor XIII activity in the plasma and platelets of the factor XIII-deficient patient was measured 24 hr after he was transfused with fresh frozen plasma. If plasma factor XIII were the source of platelet factor XIII, one would expect to find activity in platelets 24 hr after in vivo circulation in the presence of plasma factor XIII. The post-transfusion plasma factor XIII level was 16. which was within the expected range. However, platelet extract, prepared from washed platelets at 7.5 X 106/mm3, had no factor XIII activity. That no activity was found in the platelets in this experiment suggests that plasma factor XIII is not the source of platelet factor XIII.
Another question which arises is the function of platelet factor XIII. As yet no specific role has been assigned, and it seems that the circulating level of plasma factor XIII should be sufficient for clot stabilization. However, it has been shown that while a small volume of normal plasma added to the deficient plasma will cause the formation of insoluble fibrin, even an equal volume of normal plasma added to factor XIII-deficient plateletrich plasma will not give a normal thrombelastogram (25) .
In contrast, it was shown (Fig. 3 . Table II ) that normal washed platelets, added in physiologic amounts to factor XIII-deficient plasma, gave normal values for maximum amplitude and clot elasticity in the thrombelastogram. This suggests that a possible function of platelet factor XIII is to provide maximum elasticity to the fibrin clot. In the quantity of platelets used, preincubation of normal platelets in the deficient plasma had no additional effect, since sample 2 and sample 3 (Fig. 3) were both corrected to normal. The lack of an incubation effect shows the ready availability of factor XIII in clot formation.
It should also be noted that the addition of normal platelets to deficient plasma (Fig. 3) prevents the increased rate of fibrinolysis indicated in the thrombelastograms of the factor XIII-deficient patient (Fig. 2 B) .
This observation is in agreement with our demonstration that the inhibition of fibrinolysis by factor XIII-deficient platelet extract was significantly less than by normal platelet extract (23) .
Platelets disrupted by an improved method (23) have a higher titer for factor XIII activity than found previously. From Table III it is apparent that in a normal person, 30-50% of the total factor XIII activity in blood is present in the platelets. Because of this high platelet factor XIII activity and because of the evidence from thrombelastograph studies, it would appear that platelet-rich plasma might be preferable to plasma for transfusion therapy in factor XIII deficiency. However, platelets are antigenic and are unsuitable for repeated transfusions (11, 30) . In vivo tests of the efficacy of platelet transfusion in factor XIII deficiency should therefore be reserved for an episode of catastrophic hemorrhage.
As stated earlier, the only tests known to be abnormal in factor XIII deficiency are the clot solubility test and the thrombelastogram. These, together with clinical history, have been used to establish a diagnosis of factor XIII deficiency. However, it is important to understand that the two tests do not measure the same quantity. The clot solubility test measures the minimum amount of factor XIII required for the formation of a fibrin clot which will not dissolve completely under standard conditions. This test cannot measure the amount of factor XIII necessary for the formation of a fibrin clot which has optimal cross-linkage. On the other hand the thrombelastogram appears to be sensitive to both the amount and the source of factor XIII required for normal clot formation. It is likely that there is a large difference between the factor XIII required to promote the hemostasis in the deficient patient and the factor XIII needed in the thrombelastograph for formation of normal clots.
